EIS results show that corrosion resistance of chromate zinc is mainly due to its passivity behavior. This passivity was not enough to prevent chromate zinc from corrosion in NaCl solution, but in hard and soft waters, it prevented zinc corrosion favorably. This different behavior was attributed to adsorption of a chromate ion associated complex in hard and soft waters. Results showed that chromate zinc behaves more favorably in hard water than soft water by increasing the immersion time. This was related to the increased tendency of the complex adsorption at long times of immersion. The complex adsorption was not occurred in distilled water resulted zinc corrosion. A primer layer applied on chromate zinc acts as a barrier and then electrolyte solution can reach the chromate layer only through the coating pores. In this way, electrical double layer could be build up locally at bottom of the pores. Therefore, high corrosion resistance is expected to achieve only if the chromate zinc can reach to the passivity state at the bottom of the pores. A primer/topcoat layer due to its extremely high pore resistance can prevent zinc corrosion in NaCl solution even after eight weeks exposure.
Introduction
The corrosion resistance of zinc coatings can be improved by means of chemical passivation treatments, performed generally by chromating process. In chromating process, a passive layer containing zinc oxides and hydroxides, zinc chromate and chromium oxides and hydroxides is formed due to CrO 4 2Ϫ reduction and to the reduction of water, hydrogen ion or dissolved oxygen to form hydroxyl ions. 1) This layer protects the zinc coating through preventing either the release of metal ions to the solution or oxygen and hydrogen reductions. 2) Some authors report that impedance response of pure zinc exposed to NaCl solution shows only one time constant in EIS evaluation after 3 h of exposure, which corresponds to the double layer capacitance parallel to the polarization resistance as corrosion proceeds. 2, 4) Bellezze et al. shows the effect of chromate layer as a capacitive loop at high frequencies, with lower capacitance corresponds to a higher conversion layer thickness.
3) This confirms the barrier action of chromate layer as mentioned above. A hydrophobic character has also been proposed for this layer, as well as lower zeta potential of oxide layer due to hindering the adsorption of aggressive anions such as chloride. 5) On the other hand, this non-reactive barrier allows chromate ions to leach out and to act as a corrosion inhibitor.
3)
The inhibitive anions presumably stabilizes the oxide (or hydroxide) by forming an adsorbed complex with the zinc ion, the dissolution rate of which is less than that of analogous zinc complexes with water, hydroxyl ions or aggressive anions. 1) Organic coatings can be useful in assessing more corrosion protection than chromate layer alone for some applications. A coating system comprises a configuration including primer and topcoat layer is a common system applied for this purpose. 6) A primer is considered as an important element in a coating system because it is responsible for preventing metallic substrate to be imposed to the direct attacks of an aggressive media and it also anchors the paint coasting to the substrate.
7) The organic topcoat further protects the substrate by acting as a barrier against the aggressive environment while also providing aesthetic characteristics along with other more specified purposes.
7)
The electrolyte solution can only reach the metallic substrate through the coating pores characterized by pore resistance. 4) Water uptake characterized by the coating capacitance increasing, may represent the way for electrolyte to reach the metallic substrate. Therefore, it is reasonable to assume the corrosion process characterized by a charge transfer resistance parallel to a double layer capacitance developing at the pore bottoms should be placed in series with the pore resistance. 4) As a result of zinc dissolution, corrosion products may also accumulate at the pore bottom at a long time of exposure. Therefore, the double layer capacitance variation has been related to adhesion loss due to delamination, which occurs at the metal/paint interface. 4) In this study, corrosion behavior of chromate zinc sheet is evaluated by electrochemical impedance spectroscopy (EIS) in 3.5 % NaCl solution, hard, soft and distilled waters. The effect of epoxy coating with and without a polyester primer on corrosion performance of the galvanized sheet in 3.5 % NaCl solution was also seen.
Experimental Procedure
Commercial chromate and painted galvanized sheets based on epoxy with and without commercial polyester based corrosion-inhibiting primer contained chromate anticorrosive pigments were prepared from Mobareke Steel Co. and used for this study. Chromating was performed by immersing the zinc coated sheet in a commercial bath containing an acid solution of Cr VI salts. During immersion, a chemical reaction on the zinc coating surface led to the formation of a passive layer of 25 mg · m Ϫ2 weight. The thickness of primer and topcoat were about 7 mm and 20 mm respectively and the thickness of hot dipped galvanized layer was around 20 mm. Figure 1 shows the scheme describes the above configuration. As-received galvanized and painted sheets were used after washing and degreasing. The electrochemical cell used was a glass cylinder 2.5 cm in diameter mounted to the sheets defining an area of 1.94 cm 2 . The counter electrode was a Pt electrode and a saturated calomel electrode (SCE) was used as a reference electrode. The counter and reference electrodes were set near the galvanized sheet surface inside the cylinder. The 3.5 % NaCl solution, a hard tap water (conduction was 364 ms · cm Ϫ1 ), a soft tap water (conduction was 235 ms · cm
Ϫ1
) and distilled water (conduction was 5 ms · cm Ϫ1 ) were used as electrolyte for testing the corrosion performance of chromate galvanized sample. Nevertheless, only the 3.5 % NaCl solution due to its high corrosively was distinguished to be suitable for testing painted galvanized samples. The impedance measurements were performed by 10 mV sinusoidal perturbation of the open circuit potential, in the frequency range of 100 KHz-10 mHz. An EG&G Potentiostat/Galvanostat model 263A coupled with an AC response analyzer model 1025 was used for EIS measurements. Tafel polarization readings were also performed using the mentioned equipment with the scan rate of 1 mV s Ϫ1 . Figure 2 shows the Nyquist plots of chromate zinc coating in 3.5 % NaCl solution at different times of immersion. The spectrums show three time constants. A capacitive loop observed at high frequencies corresponding to passive layer formed by chromate layer during the immersion of one week in 3.5 % NaCl solution [1] . The mechanisms of passivation by zinc chromate are usually described by an oxidizing action of CrO 4
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2Ϫ
. In the process of film formations, Cr VI is reduced to Cr III , while Zn is oxidized to Zn(OH) 2 , according to the following reaction scheme. constant was resulted on EIS spectrum at low frequencies and observed as an almost straight line (Fig. 2) , which indicates an infinite length diffusion of ions (i.e. Warburg diffusion) through which the effect of passive layer on ion transfer is involved. However, the presence of this time constant indicates that corrosion process is highly under control of ion diffusion across the passive layer.
On the Nyquist plots in Fig. 2 , another capacitive loop is also observed at medium frequencies. This capacitive loop is corresponding to double layer capacitance parallel to polarization resistance (R p ) due to corrosion of zinc in NaCl solution.
3) The capacitance and resistance corresponding to the passive layer and corrosion are extracted and summarized in Table 1 . Typical resistances were obtained from the Nyquist plots in Fig. 2 by direct extrapolation of loops to the real axis in the corresponding frequencies range. The capacitances were also obtained by Cϭ(2pRF apx ), where F apx is the maximum frequency of the loop and R is its diameter.
According to Table 1 , it is clear that R passive layer has increased from 104.7 to 214.7 W after three weeks immersion. This could be attributed to the water up taking of the chromate layer, which led to the passivation and cause an increase in the polarization resistance (R p ). R passive layer and R p both decreased after eight weeks immersion to 17.66 W and 1 763 W respectively indicating the loss of the chromate layer passivity, and thus, its effect on preventing the zinc coating corrosion.
The impedance response of chromate zinc exposed to hard water was much different. Figure 4 shows the Nyquist plots of chromate zinc in hard water for different times of immersion. As it is seen from this figure, the Nyquist plots show two time constants, a capacitive loop at high frequencies and an inductive loop at low frequencies. The capacitive loop became large in diameter by increasing the immersion time. This loop is the response of the passive film formed by chromate layer during the exposure to hard water. The absence of any capacitive loop at medium frequencies, which could be related to corrosion processes, confirms that zinc coated steel behaves favorably in hard water and there is no corrosion attack even after eight weeks exposure. The induction loop at low frequencies could be attributed to the adsorption of a chromate ion associated complex. Chromate ions which leach out to the solution from the chromate layer, 3) act as an inhibitive anion presumably stabilizes the passive layer by forming an adsorbed complex with the zinc ion, the dissolution rate of which is less than that of formed without chromate ions interference. 1) This leads to a non-reactive barrier, which can seal the surface successfully and prevents ions movement through the coating layer effectively to cease corrosion processes. The increased capacitive loop diameter by increasing the immersion time could be related to the strong adsorption tendency of this complex, which results more stabilized passive film. The chromate layer resistance increased to about 0.47 MW after eight weeks immersion indicating that performance of the chromate zinc in hard water is improved at longer period of immersion.
The Nyquist plots of chromate zinc in soft water are shown in Fig. 5 . A very large capacitive loop followed by a large inductive loop is seen after one-week immersion indicates a stronger adsorption of the complex at this time of exposure in respect to hard water. The inductive loop was disappeared by increasing the exposure time to five and eight weeks. This shows that the complex adsorption ten- dency in soft water becomes less pronounced by increasing the immersion time, thus, a decrease in capacitive loop diameter is observed. Figure 5 shows that the Nyquist plot of chromate zinc in soft water. It shows only one capacitive loop after five weeks exposure, but it is flattened-out at low frequencies probably due to the small complex adsorption. Increasing the immersion time to eight weeks produced a symmetrical capacitive loop indicating that no adsorption is occurred, and for this reason, the passive layer resistance is decreased to 0.35 MW. Figure 6 compares the passive layer resistance of chromate zinc exposed to hard and soft waters after different times of immersion. The values are extracted from the Nyquist plots in Figs. 4 and 5 . Although, the passive layer resistance is higher in soft water for one and five weeks immersion, but, by disappearing the complex adsorption at the eighth week of immersion, the value of passive layer resistance is reached to a value less than that of the hard water. Thus, it can be concluded that the passive layer resistance is higher in hard water than soft water after a long period of exposure. This is in accordance with the previous researcher works that report chromate zinc behaves more effectively in hard water than soft and distilled water. It was attributed to the scale-forming ability of the hard salts that provides considerable protection. Figure 7 shows the Nyquist plots of chromate zinc in distilled water. The first high frequency loop is due to the passive layer while the second reveals the corrosion process. The absence of any inductive loop on the spectrum indicates that the complex adsorption was not occurred in distilled water. This confirms the need to the presence of salts in water for adsorbing the complex in order to provide a strong passive-forming ability. In distilled water containing dissolved oxygen, a protective film, probably consisting of zinc hydroxide, is slowly formed, and this tries to extend over the whole surface.
1)
1) However, at certain areas, the metal remains uncovered and therefore, local attack continues to progress corrosion reactions. Figure 8 shows the potentiodynamic polarization readings for chromate and coated galvanized sheets after three days of exposure in 3.5% NaCl solution. The corrosion current density of chromate zinc is around 1.8 mA · cm
Ϫ2
. The epoxy coating provides a corrosion current density of about 6 nA · cm Ϫ2 which is 300 times less than the corrosion current density of chromate zinc. In polyester primer/epoxy topcoat system, the metal substrate corrosion is negligible due to the created high pore resistance. Therefore, no polarization plots could be read from this sample as it is seen in Fig. 8 .
In order to realize the effect of epoxy and polyester/ epoxy coating system on corrosion of chromate-galvanized steel, the EIS spectrum of specimens were obtained in 3.5 % NaCl solution. Figure 9 shows the Nyquist plots of the galvanized steel with epoxy coating. The plots show two time constants, one developed well as a capacitive loop at high frequencies and the other as a non-complete capacitive at low frequencies. The high frequency loop could be physically related to coating characteristics, while the low frequency loop is resulted by corrosion phenomenon. It is considerable that electrolyte solution can reach the metallic substrate only through the coating porosity, thus, double layer could build up only at the bottom of the pores. Therefore, electrochemical active sites can be considered as localized area restricted to the bottom of these coating pores. The coating pores characterized by a resistance (R Pore ) and a capacitance (C coat ) which could be obtained from the high frequency loop. The corrosion process of zinc could be also estimated from the low frequency loop as R p and C dl account for the polarization resistance and double-layer capacitance. The values of R and C are summarized in Table  2 .
The values of R Pore and R p were 0.18 MW and 2.35 MW respectively after three weeks exposure. Increasing the exposure time to five weeks, encouraged the water up taking process and therefore, reduced the R Pore to 74 kW. Consequently, R p was decreased to 0.39 MW indicating that the active surface was increased in the area. Further increase of exposure time to eight weeks increased R Pore to 0.18 MW probably because of corrosion products accumulation at the pore. This increased R p to 3.9 MW indicating that corrosion resistance of the galvanized sheet is increased due to the pore plugging by increasing the time of immersion. Figure 10 shows the Nyquist plots of polyester/epoxy painted sheet in 3.5 % NaCl solution. Two time constants could be observed clearly from the spectrums. A capacitive loop at high frequencies corresponding to the coating represents R Pore and C coat . The pore resistance in primer/topcoat system is around six times greater than the pore resistance in primer system alone. Therefore, a capacitive loop for corrosion process similar to that observed in epoxy coating could not be observed. Infinite diffusion length process of ions transferring through the paint created a straight line at low frequencies i.e. Warburg impedance. Decrease of pore resistance by increasing the immersion time from three to five weeks was occurred again, which was attributed to the water up taking process. After eight weeks exposure, the pore resistance increased due to the pore plugging similar to that proposed for epoxy coating and providing the more resistance of the paint to aggressive NaCl solution.
4)
Conclusion
(1) Zinc chromate reveals three time constants in 3.5 % NaCl due to chromate layer passivation, zinc corrosion process and diffusion of ions through the passivity layer.
(2) In hard and soft waters, only two time constants were observed because of the passive layer character improved by complex adsorption. Increasing the exposure time encouraged the complex adsorption in hard water, but it has a reverse effect in soft water. In distilled water, zinc corrosion occurs due to the absence of complex adsorption.
(3) The chromate zinc with an epoxy coating layer shows two time constants resulting from coating porosity and corrosion phenomenon.
(4) The pore resistance in polyester/epoxy arrangement as a primer and topcoat is around six times greater than the pore resistance in epoxy coating alone. The primer/topcoat acts as a strong barrier for ions transferring. Double-layer could not build up at the pore bottom even after eight weeks exposure. Therefore, no corrosion capacitive loop could be observed.
